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1.  Introduction 


Flexible  woven  fabrics  are  used  for  ballistic  protection  in  body  armor.  These  fabrics  defeat  the 
projectile  through  a  combination  of  mechanisms,  including  yarn  uncrimping,  yarn  stretching, 
yam  breakage,  and  yarn  pull-out  from  the  fabric  (Carr,  1999;  Jacob  and  Van  Dingenen,  2001). 
The  mechanisms  that  dominate  a  particular  ballistic  event  depend  on  a  number  of  factors, 
including  the  fabric  material  and  architecture  (i.e.,  weave  style,  density,  and  yarn  count),  as  well 
as  the  projectile  size,  shape,  and  velocity  (Cheeseman  and  Bogetti,  2003;  Park  and  Jang,  2000; 
Roylance  et  ah,  1973).  However,  the  precise  relationship  between  these  mechanisms  and  the 
ballistic  performance  of  fabrics  is  not  fully  understood. 

Yarn  pull-out  from  woven  Kevlar*  fabrics  is  of  particular  interest.  Kevlar  fabric  is  the  most 
widely  used  body  armor  material.  Our  own  studies  (Lee  et  ah,  2003)  and  those  of  others 
(Briscoe  and  Motamedi,  1992;  Dischler  et  ah,  1998)  have  shown  that  modifications  to  the 
frictional  properties  of  the  fabric  can  greatly  alter,  and  often  enhance,  the  ballistic  perfonnance 
of  the  fabric.  Therefore,  studying  the  mechanism  of  yarn  pull-out  is  an  important  first  step 
toward  understanding  the  role  of  yarn  pull-out  friction  in  fabrics,  and  eventually  engineering 
frictional  properties  to  enhance  their  ballistic  perfonnance. 

In  this  report,  force-vs. -displacement  curves  are  measured  on  yarns  as  they  are  pulled  out  of  a 
rectangular  piece  of  Kevlar  KM-2  fabric  preloaded  in  tension  in  the  direction  transverse  to  that 
of  the  yarn  being  pulled  (Shockey  et  ah,  2001).  The  yam  pull-out  experiments  are  performed  at 
strain  rates  much  lower  than  those  experienced  during  a  ballistic  event.  However,  by  conducting 
yam  pull-out  experiments  at  low  velocities,  we  are  able  to  perform  a  more  comprehensive  and 
systematic  study  of  the  pull-out  process  than  would  be  feasible  through  ballistic  experimentation. 
In  a  subsequent  report  (Kirkwood  et  al.,  2004)  we  will  show  that  these  quasi-static  pull-out 
results  can  be  correlated  quantitatively  with  yam  pull-out  during  ballistic  impact  of  fabrics. 

Early  yam  pull-out  experiments  include  those  of  Sebastian  et  al.  (1986,  1987)  and  Motamedi  et 
al.  (1989),  who  studied  yam  pull-out  from  plain- woven  cotton  fabrics.  For  these  low-modulus 
fabrics,  the  yarn  pull-out  response  is  largely  governed  by  elastic  deformations  in  the  pulled  yarn 
and  cross-yams.  Martinez  et  al.  (1993)  studied  the  force  required  to  completely  pull-out  a  single 
yam  from  Kevlar  fabrics  held  in  place  by  static  weights  loaded  over  the  full  area  of  the  fabric. 
They  found  that  pull-out  force  increased  as  fabric  yarn  count  increased.  Bazhenov  (1997) 
performed  yarn  pull-out  tests  with  Armos+  aramid  fabrics  of  various  yam  counts  and  deniers. 

The  experiments  utilized  a  fabric  holding  fixture  that  clamped  the  bottom  edge  of  the  fabric, 
while  leaving  the  transverse  edges  of  the  fabric  unconstrained.  Bazhenov  found  that  the 


*Kevlar  is  a  registered  trademark  of  DuPont. 

'  Armos  is  a  registered  trademark  of  Kamenskvolokno  JSC. 
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maximum  pull-out  force  increased  linearly  with  increasing  sample  length.  The  uncrimping 
portion  of  the  curve  was  also  observed  to  be  linear  with  yarn  displacement.  Shockey  et  al. 
(2001)  devised  an  improved  pull-out  test  by  clamping  the  fabric  along  its  transverse  edges.  This 
design  greatly  simplifies  testing,  as  a  series  of  pull-out  experiments  can  be  performed  without 
repositioning  the  grips  at  the  edges  of  the  fabric.  Additionally,  this  arrangement  allows  for  a 
variable  transverse  tension  to  be  applied  to  the  fabric,  which  may  more  realistically  simulate  the 
pull-out  process  during  a  ballistic  event.  Experiments  were  performed  on  a  wide  range  of  fabric 
architectures  and  fiber  types,  including  Kevlar  K29,  Spectra,*  and  Zylon.1'  The  study  found  that 
the  pull-out  forces  strongly  depend  on  the  transverse  preload  and  yarn  count. 

In  this  study,  a  systematic  investigation  of  yarn  pull-out  is  performed  on  180  g/m  (600-denier) 
Kevlar  KM-2  fabric,  using  a  device  similar  to  that  employed  by  Shockey  et  al.  (2001).  The 
effects  of  fabric  size,  transverse  tension,  and  multiple  yarn  pull-outs  are  investigated.  By 
focusing  on  one  particular  fabric  type,  we  are  able  to  generate  a  more  comprehensive  set  of  pull¬ 
out  data  than  that  reported  by  Shockey  et  al.  (2001).  Additionally,  an  empirical  model  has  been 
generated  which,  over  the  range  of  conditions  investigated,  replicates  the  pull-out  data  to  a  high 
degree  of  accuracy.  This  model  is  used  in  a  subsequent  paper  (Kirkwood  et  al.,  2004)  to 
correlate  ballistic  results  with  pull-out  damage  in  Kevlar  fabric. 


2.  Experimental 


2.1  Kevlar  Fabric 

The  Kevlar  fabric  used  is  plain-woven  Hexcel  Aramid  Style  706  (Kevlar  KM-2,  600  denier),  a 
high-perfonnance  fabric  intended  for  ballistic  protection  applications.  This  fabric  has  13.386 
yams  per  cm  (warp  and  weft)  and  an  areal  density  of  180  g/m". 

2.2  Yarn  Pull-Out 

An  Instron  model  4206  universal  testing  machine  with  a  1-kN  load  cell  was  used  for  all  yam 
pull-out  experiments.  A  crosshead  speed  of  50  mm/min  was  used  for  all  tests;  variations  in 
crosshead  speeds  between  0.5  and  508  mm/min  did  not  show  quantitative  differences.  An  edge- 
clamped  fabric  holding  fixture  (figures  1  and  2,  adapted  from  Shockey  et  al.  [2001])  serves  as  the 
bottom  grip,  and  a  pneumatic  grip  at  90  psi  is  used  to  clamp  the  individual  yam  undergoing  pull¬ 
out.  Transverse  tension  is  applied  to  the  fabric  through  a  spring-mounted  sliding  edge  clamp, 
with  the  precise  tension  value  set  by  compressing  the  spring  to  a  set  distance  through  a  fine 
thread  nut.  Note  that  in  all  testing  reported  here,  the  reported  tension  is  the  entire  transverse  load 
on  the  fabric,  and  not  a  per-yarn  tension.  The  clamping  of  the  fabric  edges  is  accomplished 
through  a  combination  of  wrapping  and  pinching,  as  described  in  detail  by  Shockey  et  al.  (2001). 
The  top  and  bottom  edges  of  the  fabric  are  unconstrained  during  testing. 


* 

Spectra  is  a  registered  trademark  of  Honeywell. 
^Zylon  is  a  registered  trademark  of  Toybo. 
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Figure  1.  Schematic  of  experimental  setup  for  yarn  pull-out  tests. 


yam  being  pulled  out 


sliding  grip 


Figure  2.  Photograph  of  experimental  setup  for  yarn  pull-out  tests. 

Prior  to  testing,  transverse  yams  were  manually  removed  from  the  top  edge  of  the  fabric  to 
expose  8.89  cm  of  longitudinal  yarns  (figure  2).  The  remaining,  fully  woven  fabric  below  these 
exposed  yarns  was  then  clamped  in  the  fixture.  All  fabric  samples  were  cut  so  that,  after 
wrapping  and  clamping  the  transverse  edges,  20.3  cm  of  fabric  remained  between  the  transverse 
grips.  The  fabric  length,  defined  within  the  remaining  woven  fabric,  was  varied  from  5.08  to 
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12.7  cm.  Individual  or  multiple  longitudinal  yarns  were  then  clamped  in  the  upper  grips,  which 
were  rubberized  to  prevent  slippage. 

The  peak  load  corresponds  to  the  maximum  force  measured  during  a  pull-out  experiment.  The 
displacement  at  peak  load  is  defined  as  the  position  of  the  crosshead  when  the  peak  load  is 
reached,  relative  to  the  starting  position.  The  displacement  at  the  center  of  the  bottom  edge  of 
the  fabric  will  be  referred  to  as  the  slack  (figure  2),  which  was  measured  with  a  vernier  caliper 
during  the  uncrimping  process  and  at  the  peak  load  point.  In  all  cases,  the  maximum  slack  was 
<  5%  of  the  total  crosshead  displacement. 

The  tension  reported  herein  is  the  transverse  preload  tension.  The  tension  actually  increases 
during  the  experiment  as  the  yarn  is  loaded  (Shockey  et  ah,  2001),  crests  at  the  peak  load,  and 
then  decreases.  However,  measurements  showed  that  this  increase  in  tension  was  never  >  10% 
of  the  preload  value  during  any  experiment.  All  yarns  were  pulled  in  the  warp  direction  of  the 
fabric,  although  tests  comparing  warp  and  weft  direction  pull-out  showed  no  measurable 
differences. 


3.  Results 


3.1  Qualitative  Description  of  Yarn  Pull-Out 

Figure  3  is  a  schematic  of  the  yam  loading  process  during  a  pull-out  experiment,  and  figure  4 
shows  the  corresponding  force-displacement  curve.  During  uncrimping,  the  yarn  undergoing 
pull-out  progressively  straightens  and  locally  disturbs  the  nominal  woven  architecture  (Shockey 
et  ah,  2001).  This  process  progressively  alters  the  visual  appearance  of  the  yarn  as  its  uncrimped 
length  increases  (figure  5),  and  results  in  a  nearly  linear  force-displacement  curve.  When  the 
uncrimping  zone  reaches  the  bottom  edge  of  the  specimen,  the  peak  load  point  is  reached 
(Bazhenov,  1997).  The  entire  yam  then  begins  to  translate  within  the  fabric,  and  the  pull-out 
force  gradually  decreases  with  displacement.  The  oscillations  in  the  force-displacement  curve 
during  yam  translation  correspond  to  the  individual  cross-yarns  passed  by  the  translating  yarn. 
The  pull-out  force  typically  approaches  a  value  of  zero  as  the  total  yarn  displacement  reaches  a 
value  equal  to  the  sample  length. 

The  uncrimping  process  is  irreversible  and,  once  partially  straightened,  the  yam  will  not  return  to 
the  original,  crimped  configuration.  Measurements  of  yarn  length  after  our  pull-out  experiments 
showed  only  a  0.8%  increase  in  length,  in  agreement  with  the  small  permanent  defonnations 
measured  by  Shockey  et  al.  (2001)  for  Zylon  and  Kevlar  K29  fabrics.  Therefore,  yam  stretching 
does  not  play  an  important  role  in  the  yam  pull-out  process. 
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Figure  3.  Schematic  of  fabric  behavior  during  yam  pull-out. 


xp  Displacement  (m) 

Figure  4.  Representative  yarn  pull-out  force-displacement  curve  ( L  =  10.16  cm, 

T=  100  N,  and  N=  1)  and  definition  of  peak  load  point,  yarn 
uncrimping,  and  yarn  translation. 

We  will  define  “yam  uncrimping”  to  be  the  first  stage  of  the  yam  pull-out  process, 
corresponding  to  the  part  of  the  force-displacement  curve  up  to  the  peak  load  point.  We  will 
refer  to  the  subsequent  bulk  motion  of  the  yam  through  the  fabric  as  “yarn  translation,” 
corresponding  to  the  portion  of  the  force-displacement  curve  past  the  peak  load  point.  We 
consider  “yarn  pull-out”  to  comprise  both  of  these  processes  because  yarn  translation  cannot 
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virgin  yarn 

Figure  5.  Photograph  of  Kevlar  fabric  showing  visual 

appearance  of  virgin,  loaded,  and  pulled  yams. 

occur  without  first  uncrimping  the  yam.  The  “yarn  uncrimping  energy”  is  defined  as  the  integral 
of  the  force-displacement  curve  from  the  starting  configuration  to  the  peak  load  point  (figure  4). 
This  quantity  is  the  energy  required  to  straighten  the  yarn  and  overcome  static  friction.  The 
“yarn  translation  energy”  is  defined  as  the  integral  of  the  force-displacement  curve  past  the  peak 
load  point,  and  combined  with  the  uncrimping  energy  represents  the  total  energy  required  during 
yam  pull-out. 

3.2  Single  Yarn  Pull-Out 

Figures  6  and  7  show  the  peak  load  Fp  as  a  function  of  preload  tension  T  and  sample  length  L  for 
pull-out  of  a  single  yam.  The  peak  load  increases  with  both  tension  and  sample  length. 

Figures  8  and  9  show  the  displacement  at  peak  load  Xp  as  a  function  of  preload  tension  and 
sample  length.  The  displacement  at  peak  load  increases  as  the  sample  length  increases,  but 
depends  only  weakly  on  transverse  tension.  Figures  10  and  1 1  show  the  yarn  uncrimping  energy 
as  a  function  of  preload  tension  and  sample  length.  Uncrimping  energy  increases  linearly  with 
increasing  tension,  but  varies  quadratically  with  increasing  length.  These  dependencies  naturally 
follow  the  results  of  figures  5-9  because  the  uncrimping  energy  is  approximately  proportional  to 
the  product  of  the  peak  load  and  displacement  at  peak  load. 
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Figure  7.  Peak  load  as  a  function  of  sample  length.  Data  points 
indicate  measured  values;  solid  lines  indicate  model 
predictions. 
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Figure  8.  Displacement  at  peak  load  as  a  function  of  preload  tension. 


Figure  9.  Displacement  at  peak  load  as  a  function  of  sample  length. 
Data  points  indicate  measured  values;  solid  lines  indicate 
model  predictions. 
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Figure  11.  Uncrimping  energy  as  a  function  of  sample  length. 

Data  points  indicate  measured  values;  solid  lines 
indicate  model  predictions. 
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3.3  Multiple  Yarn  Pull-Out 


Multiple  yarns  were  pulled  simultaneously  to  determine  the  effect  of  the  number  of  yarns  pulled 
on  peak  load,  displacement  at  peak  load,  and  pull-out  energy.  As  the  number  of  neighboring 
yams  pulled  during  a  test  increases,  the  peak  load  and  displacement  at  peak  load  increase  linearly 
as  shown  in  figure  12,  for  data  nonnalized  by  representative  single  yarn  pull-out  values.  These 
increases  in  the  peak  load  and  displacement  at  peak  load  lead  to  an  increase  in  uncrimping 
energy  with  the  number  of  yarns,  as  shown  in  figure  13. 


Figure  12.  Normalized  peak  load  and  displacement  at  peak  load  as  a  function  of  number  of  yarns  pulled. 

Normalization  is  performed  by  dividing  the  measured  peak  load  and  displacement  values  for  N  yarns  by 
the  model  predictions  of  peak  load  and  displacement,  respectively,  for  a  single  yarn  pull.  Data  points 
indicate  measured  values;  solid  lines  indicate  model  predictions. 

3.4  Effect  of  Pull-Out  Pattern 

Multiple  yarns  were  pulled  with  varying  patterns  to  detennine  the  effect  of  the  spacing  on  pull¬ 
out  energy.  To  describe  the  pattern  of  pull,  “1”  represents  a  yam  being  pulled  and  “0”  represents 
a  neighboring  yam  that  is  force  free  (in  the  same  direction  of  pull).  An  example  of  a  “101” 
pattern  is  shown  schematically  in  figure  14,  where  two  yams,  separated  by  a  single  unpulled 
yam,  are  pulled  simultaneously.  The  peak  load,  displacement  at  peak  load  and  uncrimping 
energy  are  shown  in  table  1  for  varying  arrangements.  These  quantities  increase  strongly  with 
the  total  number  of  yarns  pulled.  Notice  also  that  the  uncrimping  energy  increases  more  rapidly 
if  an  adjacent  yam  is  pulled  rather  than  leaving  an  unloaded  yam  in  between. 
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Figure  13.  Normalized  uncrimping  energy  as  a  function  of  number  of  yarns  pulled.  Normalization  is  performed  by 
dividing  the  measured  pull-out  energy  for  N  yarns  by  the  model  predictions  of  pull-out  energy  for  a 
single  yarn  pull.  Data  points  indicate  measured  values;  solid  lines  indicate  model  predictions. 
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Table  1.  Effects  of  pattern  of  pull  on  a  10.16-cm  sample  with  a  preload  tension  of 
750  N. 


Pull 

Pattern 

Peak  Load, 
Fp 
(N) 

Displacement  at  Peak 
Load, 

Xp 

(m) 

Uncrimping 

Energy, 

Euc 

(J) 

1 

43.7 

0.00926 

0.196 

1001 

98.8 

0.0110 

0.529 

101 

96.7 

0.0120 

0.543 

11 

114 

0.0144 

0.859 

1101 

148 

0.0149 

1.10 

111 

206 

0.0186 

1.82 

3.5  Yarn  Translation 

Figures  15  and  16  show  yarn  translation  energy  as  a  function  of  tension  and  sample  length. 
Similarly  to  the  findings  for  the  uncrimping  energy,  translation  energy  is  observed  to  increase 
approximately  linearly  with  tension,  and  quadratically  with  sample  length.  The  similarity  of 
these  trends  is  expected  because  both  energies  scale  naturally  to  the  product  of  the  peak  load  and 
a  characteristic  pull-out  distance.  For  the  case  of  uncrimping  energy,  this  distance  is  the 
displacement  at  peak  load,  which  was  found  to  be  proportional  to  sample  length.  For  the  case  of 
translation  energy,  the  characteristic  pull-out  distance  is  approximately  equal  to  the  sample 
length  itself. 


Figure  15.  Translation  energy  as  a  function  of  preload  tension. 
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Figure  16.  Translation  energy  as  a  function  of  sample  length.  Data  points 
indicate  measured  values;  solid  lines  indicate  model  predictions. 


4.  Model  Formulation 


The  data  from  these  laboratory  tests  are  to  be  used  to  ascertain  the  pull-out  energy  losses  in 
actual  ballistic  targets  (Kirkwood  et  ah,  2004).  Post-test  diagnostics  of  ballistic  testing  include 
the  target  dimensions,  the  number  of  yams  pulled  and  the  extent  of  pull-out  for  each  layer  of  the 
target.  Consequently,  it  is  useful  to  parameterize  the  results  of  these  pull-out  experiments  with 
semi-empirical  formulas,  which  can  subsequently  be  used  to  estimate  energy  dissipation  through 
yam  pull-out  during  ballistic  tests. 

Our  model  formulation  is  greatly  simplified  by  nondimensionalizing  the  force-displacement 
curves.  We  directly  fit  this  normalized  data  to  construct  a  pull-out  force  model,  which  is  then 
integrated  analytically  to  create  a  model  for  pull-out  energy. 

4.1  Uncrimping  of  a  Single  Yarn 

The  force  and  displacement  data  of  the  uncrimping  curves  were  normalized  by  the  measured 
peak  load  Fp  and  displacement  at  peak  load  Xp,  respectively,  for  each  data  set.  This  normalized 
data  is  well-modeled  by  the  equation 
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for  0  <  x  <  X , 


(1) 


F_ 

TP 


KXpJ 


P  > 


with  a  best  fit  M  value  calculated  for  each  data  set.  The  M  values  for  each  set  of  conditions  L 
and  T  are  then  modeled  by  the  equation 

M  =  Cj  +  c2  ■  L  +  c3  •  T  +  c4  •  L  ■  T  ,  (2) 


where  the  values  for  the  constants  ci,  C2,  cj,  and  cu  are  given  in  table  2.  The  values  of  M  ranged 
from  0.768  to  1.20  over  the  range  of  experimental  conditions. 


Table  2.  Fitting  constants  for  pull-out  model. 


Constant 

Value 

Units 

a,\ 

4.399 

N 

ci2 

58.25 

N-nT1 

@3 

8.164  x  103 

— 

a4 

0.3370 

m-1 

F 

3.685  x  103 

m 

F 

0.0436 

— 

F 

-3.951  x  106 

m-N_1 

b4 

5.514  x  105 

FT1 

Cl 

0.8783 

— 

c2 

-1.231 

m-1 

C3 

5.100  x  104 

N_1 

C4 

-3.973  x  104 

d\ 

-1.038 

— 

d '2 

1.978 

— 

Cl 

0.4923 

— 

e2 

0.4969 

— 

fi 

0.3252 

— 

h 

1.400 

nr1 

To  complete  the  uncrimping  model,  the  experimental  Fp  and  Xp  values  for  each  data  set  were  fit 
with  the  equations 


FP(N  =  1)  =  ax  +  a2  ■  L  +  a3  •  T  +  a4  L  ■  T 


(3) 


and 


Xp(N  =  l)  =  bl+b2-L+b3-T  +  b4-L-T  ,  (4) 

where  the  values  for  the  constants  a\,  ci2,  a^,  a\,b\,  bi,  bi,  and  b 4  are  given  in  table  2. 
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4.2  Uncrimping  of  Multiple  Yarns 


In  order  to  extend  equations  1-4  to  multiple  yarn  pulls,  the  data  for  Fp  and  Xp  as  a  function  of  the 
number  of  yarns  pulled  was  found  to  be  closely  modeled  by  the  equations 

Fp  =(dl  +  d2  ■  Ar)(a1  +a2  L  +  a3  -T  +  aA  L  -T)  (5) 

and 

XP  =  (el+e2-N)(bl+b2-L  +  bi-T  +  b4-L-T)  ,  (6) 


where  N  is  the  number  of  yarns  pulled,  and  the  values  for  the  constants  d\,  d2,  e\,  and  e2  are  given 
in  table  2.  The  exponent  M  in  equation  1  was  found  to  be  well-modeled  by  equation  2, 
regardless  of  the  number  of  yarns  pulled.  Note  that  this  model  only  treats  pull-out  of  adjacent 
yams,  and  does  not  account  for  the  effect  of  pull-out  pattern. 


4.3  Yarn  Translation 


The  force  and  displacement  data  during  yarn  translation  were  also  nonnalized  by  the  measured 
peak  load  Fp  and  displacement  at  peak  load  Xp,  respectively,  for  each  data  set.  This  normalized 
data  is  well-modeled  by  the  equation 


F_ 

yP 


=i 


rx-XpV 
yL-Xpj 


for Xp  <x<L  , 


(7) 


with  a  best  fit  K  value  calculated  for  each  data  set.  The  K  values  for  each  set  of  conditions  L  and 
T  were  found  to  be  only  weakly  dependent  on  transverse  tension,  and  are  closely  modeled  by  the 
equation 

K  =  f  +  f2  ■  L  ,  (8) 


where  the  values  for  the  constants/i  and  /2  are  given  in  table  2.  The  value  of  K  was  found  to  he 
in  the  range  of  0.3963-0.5029  over  the  range  of  parameters  explored.  K  was  also  found  to  be 
independent  of  the  number  of  yams  pulled,  so  that  equations  5-8  accurately  model  yarn 
translation  for  multiple  yarn  pull-out. 


4.4  Energy  of  Yarn  Pull-Out 

The  uncrimping  energy  is  calculated  by  integrating  the  force-displacement  model,  equation  1 , 
with  respect  to  x,  yielding 


■‘uc 


77»  M  +1 

Fp-x 

(M  +  \)-XpM 


for  0  <  x  <  Xp  . 


(9) 


Similarly,  the  translation  energy  is  calculated  by  integrating  equation  7  with  respect  to  x,  which 
when  added  to  equation  9  gives  the  total  energy  for  pull-out  as 


15 


/  \*+i 

,  ,  Fp-\x-Xn\  F  ■  X 

EPO=Fp-  x-Xv) - — - ^ r  +  - —  forXp  <  x<  L  .  (10) 

1  P)  {K  +  \)\L-Xp)k  M  +  l 

Equations  9  and  10,  combined  with  equations  2,  5,  6,  and  8  and  the  constants  given  in  table  2, 
provide  a  semi-empirical  model  that  enables  estimation  of  the  energy  dissipated  in  plain  woven, 

1 80  g/m",  600-denier  Kevlar  KM-2  fabric  during  yarn  pull-out.  The  range  of  validity  of  the 
model  is  limited  by  the  range  of  laboratory  test  conditions  (e.g.,  fabric  type  and  size,  tensions, 
and  rate  of  pull). 

4.5  Model  Evaluation 

The  fits  for  the  peak  load  (equation  3)  and  displacement  at  peak  load  (equation  4)  are  plotted 
against  the  experimental  pull-out  data  in  figures  6-9,  where  it  can  be  seen  that  the  semi-empirical 
model  represents  the  experimental  data  accurately.  The  full  model  for  the  force-displacement 
curve  (given  by  equations  1  and  7,  with  equations  2,  5,  6,  and  8)  has  been  superimposed  over  a 
typical  experimental  pull-out  curve  in  figure  17,  and  the  fit  is  excellent.  Over  the  full  range  of 
experimental  conditions,  the  goodness-of-fit  (R  )  values  of  the  model  range  from  0.902  to  0.997. 
Figure  17  also  compares  the  predicted  and  measured  pull-out  energies  for  the  experiment,  which 
show  good  agreement. 


Figure  17.  Comparison  of  measured  and  predicted  force-displacement 

and  energy-displacement  curves  for  L  =  10.16  cm,  N  =  1,  and 
T  =  250  N.  The  goodness  of  fit  for  the  force-displacement 
curve  is  R2  =  0.973. 


16 


To  further  demonstrate  the  effectiveness  of  the  model  given  in  equations  1-8  over  the  entire 
range  of  experimental  data,  we  can  plot  the  normalized  experimental  force  data  F/Fp  as  a 
function  of  the  transformation  variable  z,  defined  as 


z 


1  (*'*,) 

1  + 


I"' 

KL!XP~b 


for  0  <  x  <  X p 
for X p  <x<L 


(ID 


where  the  parameters  Fp,  Xp,  M,  and  K  are  calculated  from  equations  2,  5,  6,  and  8,  respectively, 
for  a  given  set  of  L  and  T  conditions.  Note  that  the  F  and  x  values  used  in  this  transformation  are 
the  experimental  data  values,  and  all  Fp  and  Xp  values  are  calculated  from  the  model  equations. 
The  transformed  data  set  (z,  F/Fp)  should  then  follow  the  theoretical  curves 

F  t  \  {  z  for  0  <  z  <  1 

—  (z)=  ’  (12) 

F p  [2  -  z  for  1  <  z  <  2 

for  all  values  of  L  and  T.  Figure  18  shows  that  the  transfonned  experimental  data  closely 
matches  the  theoretical  curves  of  equation  12,  verifying  the  accuracy  of  equations  1-8  over  the 
full  range  of  experimental  data.  The  accuracy  of  the  force-displacement  model  also  implies  a 
similar  level  of  accuracy  for  the  energy  models  of  equations  9  and  10  because  the  experimental 
pull-out  energy  is  calculated  by  directly  integrating  the  experimental  force-displacement  data. 


Figure  18.  Comparison  of  measured  and  predicted  pull-out  curves, 
transformed  according  to  equations  1 1  and  12,  for  the  full 
range  of  experimental  conditions  tested. 
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5.  Discussion 


5.1  Effect  of  Sample  Length  and  Width 

For  a  single  yarn  pull,  the  peak  load  increases  with  sample  length  (figures  6  and  7).  One  possible 
explanation  is  that  increasing  sample  length  also  increases  the  area  of  inter-yarn  contact,  which 
would  proportionally  increase  the  frictional  resistance  to  yam  pull-out.  Alternatively,  the 
number  of  inter-yarn  contact  points  also  increases  with  increasing  sample  length,  which  leads  to 
an  increase  in  path  tortuousity.  The  displacement  at  peak  load  also  increases  with  sample  length 
because  longer  samples  will  necessarily  have  longer  yarns  and  therefore  longer  pull-out  zones. 

Although  the  pull-out  energy  depends  strongly  on  sample  length,  the  width  of  the  fabric  was 
determined  to  have  no  effect  on  the  energy  required  for  pull-out.  The  same  pull-out  energy 
values  are  also  observed  for  yams  pulled  at  any  point  along  the  width  of  the  fabric. 

Consequently,  we  conclude  that  the  geometry  of  the  pull-out  zone  is  only  affected  by  the 
adjacent  yams  and  not  by  the  width  of  the  fabric. 

5.2  Effect  of  Tension 

Increasing  the  transverse  fabric  tension  is  observed  to  proportionally  increase  the  yarn  pull-out 
energy.  One  likely  explanation  for  this  behavior  is  that  increasing  the  tension  on  the  transverse 
yams  also  increases  the  normal  forces  between  yarns,  which  increases  the  frictional  resistance  to 
yam  pull-out.  Alternatively,  increasing  transverse  yam  tension  could  inhibit  the  straightening  of 
the  yarn  undergoing  pull-out,  further  resulting  in  a  more  tortuous  path  during  yarn  translation. 

Displacement  at  peak  load  is  only  a  weak  function  of  transverse  tension,  since  the  length  scale  of 
the  pull-out  curve  is  primarily  determined  by  the  length  of  the  fabric  specimen. 

5.3  Effect  of  Number  of  Yarns  Pulled  and  Pull-Out  Pattern 

For  multiple  yams,  the  uncrimping  energy  increases  as  a  power  law  of  the  number  of  yarns 
(figure  13).  Presumably  this  result  is  a  consequence  of  the  plain  weave  fabric  architecture,  in 
which  cross-yams  alternate  above  and  below  adjacent  yarns.  A  loaded  yarn  increases  the 
crimping  on  surrounding  yarns  through  the  cross-yarns  (Shockey  et  ah,  2001),  which  may 
enhance  both  frictional  effects  and  path  tortuousity  during  multiple  yam  pull-out.  These  effects 
are  likely  responsible  for  the  increase  in  peak  load  with  number  of  yarns  pulled.  However,  it  is 
surprising  to  note  that  the  displacement  at  peak  load  also  increases  strongly  with  the  number  of 
yams  pulled.  We  suspect  that  the  cooperative  uncrimping  effect  of  neighboring  yarns  in  some 
way  enhances  the  ability  of  the  pulled  yarn  to  more  fully  straighten  as  it  is  uncrimped,  which 
would  increase  the  displacement  at  peak  load.  However,  further  investigation,  possibly  using 
sophisticated  microscopy,  would  be  necessary  to  confirm  these  theorized  variations  in  local 
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fabric  architecture.  It  is  also  interesting  to  note  that  the  power  law  indices  for  the  pull-out 
models  were  independent  of  the  number  of  yarns  pulled. 

When  multiple  yams  are  pulled  with  one  or  more  yarn  spaces  in  between,  the  pull-out  energy  is 
always  lower  than  that  for  pulling  an  equal  number  of  adjacent  yams.  For  two-yarn  pulls,  the 
drop-off  in  pull-out  energy  from  zero-  to  one-yam  spacing  is  much  more  dramatic  than  for  one  to 
two  yarn  spacings.  In  fact,  the  difference  in  pull-out  energies  for  one-  and  two-yarn  spacings  is 
likely  within  experimental  uncertainty.  However,  pulling  two  yams  simultaneously  always 
requires  more  pull-out  energy  than  the  pull-out  energy  required  to  perform  two  sequential  single¬ 
yam  pulls.  Similar  trends  were  observed  for  three  yarns  pulled  simultaneously. 

These  results  suggest,  not  surprisingly,  that  yam-yarn  interactions  are  highest  for  adjacent  yarns. 
The  comparison  of  simultaneous  and  single-yarn  pulls  show  that  yarn-yarn  interactions  are 
significant  even  when  the  simultaneous  yarns  are  separated  by  two  yam  spacings. 


6.  Conclusions 


The  energy  to  pull  a  yarn  from  a  woven  fabric  is  dependent  upon  the  length  of  the  sample,  the 
transverse  fabric  tension,  the  number  of  yarns  pulled  at  once,  the  pattern  of  pull,  and  the  distance 
that  the  yarn  is  pulled.  A  semi-empirical  model  can  be  used  to  accurately  model  both  the  force- 
displacement,  as  well  as  the  energy-displacement,  pull-out  behavior  over  the  full  range  of 
experimental  conditions  (i.e.,  a  sample  length  of  5.08-12.70  cm,  up  to  four  yarns  pulled,  and  up 
to  1000  N  of  transverse  tension),  during  both  yarn  uncrimping  and  subsequent  yarn  translation. 
The  contributions  of  frictional  resistance  and  pull-out  path  tortuousity  during  multiple  yarn  pull¬ 
outs  are  complex  and  require  further  investigation  through  additional  experiments  and 
computational  simulation.  The  particular  quantitative  model  presented  in  this  report  should 
prove  useful  for  estimating  the  energy  absorbed  through  yarn  pull-out  during  ballistic  impact  of 
plain  woven,  180  g/nr,  600-denier  Kevlar  KM-2  fabrics.  However,  the  general  approach  for 
measurement  and  modeling  of  yam  pull-out  should  prove  applicable  to  a  wide  range  of  fiber 
types  and  fabric  architectures.  The  reported  data  should  also  prove  useful  for  the  formulation  of 
a  more  fundamental  model  of  yam  pull-out  behavior,  perhaps  following  the  general  approach  of 
Kawataba  et  al.  (1973). 
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List  of  Abbreviations  and  Symbols 


Ejjc  Uncrimping  energy  (J) 

Epo  Total  pull-out  energy  (J) 

F  Force  measured  during  yarn  pull-out  (N) 

Fp  Peak  load  (N) 

K  Power  law  index  for  model  of  yarn  translation 

L  Vertical  length  of  sample  (m) 

M  Power  law  index  for  model  of  yarn  uncrimping 

N  Number  of  yarns  pulled 

T  Preload  tension  applied  to  fabric  (N) 

x  Displacement  of  crosshead  (m) 

Xp  Displacement  at  peak  load  (m) 
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